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-activated K channels (SK Ca and IK Ca channels) generate hyperpolarization that passes to the adjacent smooth muscle cells causing vasodilation. IK Ca channels focused within EC projections toward the smooth muscle cells are activated by spontaneous Ca 2+ events (Ca 2+ puffs/pulsars). We now show that transient receptor potential, vanilloid 4 channels (TRPV4 channels) also cluster within this microdomain and are selectively activated at low intravascular pressure. In arterioles pressurized to 80 mmHg, ECs generated low-frequency (∼2 min −1 ) inositol 1,4,5-trisphosphate receptor-based Ca 2+ events. Decreasing intraluminal pressure below 50 mmHg increased the frequency of EC Ca 2+ events twofold to threefold, an effect blocked with the TRPV4 antagonist RN1734. These discrete events represent both TRPV4-sparklet-and nonsparklet-evoked Ca 2+ increases, which on occasion led to intracellular Ca 2+ waves. The concurrent vasodilation associated with increases in Ca 2+ event frequency was inhibited, and basal myogenic tone was increased, by either RN1734 or TRAM-34 (IK Ca channel blocker), but not by apamin (SK Ca channel blocker). These data show that intraluminal pressure influences an endothelial microdomain inversely to alter Ca 2+ event frequency; at low pressures the consequence is activation of EC IK Ca channels and vasodilation, reducing the myogenic tone that underpins tissue blood-flow autoregulation.
endothelial cell calcium | cremaster arterioles | mesenteric arteries C a 2+ -activated K + (K Ca ) channels in arteriolar endothelial cells (ECs) are activated by intrinsic spontaneous or receptormediated Ca 2+ events, each leading to hyperpolarization of smooth muscle cells (SMCs) and vasodilation independent of nitric oxide or prostacyclin-the endothelium-dependent hyperpolarization (EDH) response. This hyperpolarization spreads both radially and longitudinally through the vascular wall via patent gap junctions to evoke local and conducted dilation, and it is central to cardiovascular function (1, 2) .
EDH is the predominant endothelium-dependent mechanism in smaller "resistance" arteries and arterioles. The underlying hyperpolarization is generated by two subtypes of K Ca channels found in the EC, but not SMC, membrane, the small (SK Ca ,K Ca 2.3) and intermediate (IK Ca, K Ca 3.1) conductance forms that may be activated independently of each other (3) . The physiological importance of independent activation is apparent from studies with K Ca 3.1-deficient mice in which the mean blood pressure is raised by ∼7 mmHg, but further elevated by disrupting both K Ca channels (4) . In mesenteric resistance arteries, IK Ca channels are focused within EC projections through the internal elastic lamina (IEL) termed myoendothelial junctions (MEJs). MEJs can contain gap junctions (MEGJs) coupling ECs to SMCs, and EDH can spread by direct electrical coupling and/or a diffusible factor (5, 6) . The IK Ca channels enriched within MEJs can be activated by spontaneous inositol 1,4,5-trisphosphate (IP 3 )-mediated Ca 2+ events, discovered in unpressurized arteries and termed Ca 2+ pulsars (7) . Block of these intrinsic Ca 2+ pulsars, or of IK Ca channels, depolarizes the adjacent SMC by ∼8 mV, suggesting that the two are functionally linked and continually suppress SMC membrane potential (7) . Although ECs in pressurized resistance arteries/arterioles in vivo and in vitro generate spontaneous EC Ca 2+ events, it is not known whether changes in intraluminal pressure influence these events and whether there is a functional consequence against myogenic tone (8) (9) (10) .
Because the endothelium has a marked inhibitory influence on vascular tone in vivo, particularly by emitting hyperpolarization, it is puzzling that removal of this monolayer does not seem to alter the myogenic response per se (11, 12 (14) .
We therefore investigated the possibility that arteriolar intraluminal pressure might influence the generation of spontaneous Ca 2+ events in the endothelium and thereby alter myogenic tone. Myogenic tone reflects SMC constriction that is related to the level of intraluminal pressure. Acute increases in pressure evoke vasoconstriction apparent at pressures of 30-40 mmHg and above, reflecting divergence of the active and passive pressure/diameter curves (15) . Of direct relevance to the present study, in vivo measurement of intravascular pressure in rat cremaster muscle arterioles at rest revealed pressures of 70-80 mmHg (16) . The myogenic response stabilizes local blood flow and capillary filtration pressure as blood pressure changes and provides a basal tone that can be enhanced or attenuated by nerve transmitters, autacoids, and hormones (15) . Myogenic contraction relies in large part on SMC depolarization, so hyperpolarization originating from either cell type will exert a significant influence on tone (17) .
Our data reveal a unique mechanism intrinsic to ECs, whereby low (<50 mmHg) intraluminal pressure activates TRPV4 channels to increase the frequency of EC Ca 2+ events within MEJs. The increase is sufficient to activate EC IK Ca channels and, as a consequence, reverse or suppress myogenic tone. These observations extend the concept of MEJs as signaling microdomains and reveal a physiological role for these thin membrane structures.
Results
All experiments were performed using isolated, cannulated, and pressurized rat cremaster arterioles, with a passive internal diameter of 160-200 μm at 80 mmHg, a pressure at which they developed spontaneous myogenic tone. This article is a PNAS Direct Submission. . At the same time, the frequency of Ca 2+ events in the adjacent ECs increased from 1.9 ± 0.3 to 5.1 ± 0.8 min −1 ( Fig. 1D and Movie S1). Responses at the midplane were confirmed by lowering the plane of focus to view ECs at the bottom of the arteriole (Fig. 2) . The majority of spontaneous EC Ca 2+ events were nonpropagating (local) (5 mmHg, 73%; 80 mmHg, 75% of events), whereas the remaining subset propagated along the EC axis (waves). Of note, spontaneous EC Ca 2+ events were not reflected by global Ca 2+ measurements ( Fig. S1 and Movie S2). To establish the pressure at which the activation of EC Ca 2+ events changed, full myogenic response curves were performed.
Step increases in intraluminal pressure (5-80 mmHg) were associated with passive distension of the vessel, and beyond 30 mmHg, myogenic tone developed in a pressure-dependent manner (Fig. 2D ). The diameter of arterioles was similar at 5 mmHg (no tone, 64.2 ± 7.6 μm, n = 3) and 80 mmHg (myogenic tone, 72.2 ± 5.8 μm, n = 3), and localized, spontaneous EC Ca 2+ events were present at each pressure. The frequency of ECs events was significantly increased at and below 50 mmHg, as was the percentage of active cells (5 mmHg, 61 ± 7%, compared with 80 mmHg, 42 ± 5%; paired data, n = 14, P < 0.05).
A similar profile was observed in mesenteric resistance arteries (not myogenically active; Fig. S2B ). The spontaneous EC Ca 2+ events in cremaster arterioles did not synchronize between cells, and although Ca 2+ events seemed to originate from the same subcellular region of an EC, in some cases they propagated (Fig. 2B ).
TRPV4 Channels Underlie Increases in EC Ca
2+ Events at Low Pressure.
The TRPV4 channel agonist GSK1016790A (GSK, 30 nM) evoked local increases in EC Ca 2+ at 5 and 80 mmHg (Fig. 3A) . With 100 nM GSK, these events evolved into cell-wide Ca 2+ waves, but this concentration visibly damaged the preparation (as also observed by ref. 18 ). As a consequence, regardless of GSK concentration used, each experiment was terminated after exposure to the agonist. GSK also evoked arteriolar dilation, an effect blocked by the TRPV4 channel antagonist RN1734 (30 μM; Fig. 3B ). RN1734 also reduced the frequency of spontaneous EC Ca 2+ events at low pressure, but not at 80 mmHg, although it did block increases to 30 nM GSK at both pressures ( Fig. 3 C-F ) and reduced the EC-dependent vasodilation to ACh (Fig. S3 ). Similar effects were obtained with another TRPV4 antagonist (HC067047, 10 μM; Fig.  S4 ) and in mesenteric arteries ( Fig. S2 C and D) . RN1734 also blocked ATP-sensitive K + channels, although this action did not account for the effects against EC Ca 2+ events (Table S1 ).
Spatial Correlation Between EC Ca 2+ Events and TRPV4 Channels.
Spontaneous EC Ca 2+ events were mainly focused within holes through the IEL (71 ± 1% of cases, 213/300 events, n = 3). In the same arterioles, 58 ± 6% of these events correlated with signal ] i . *P < 0.05, significantly different from 5 mmHg (n = 5). Images were acquired at ∼3 Hz.
for TRPV4 channels (Fig. 4) . In general, the expression of TRPV4 channels also corresponded to holes through the IEL in cremaster (Fig. 4A) and mesentery (Fig. S2A) . Punctate, membrane-localized expression of TRPV4 channels was also evident in SMCs (Movie S3).
TRPV4, IK Ca and SK Ca Channels Cluster in Holes Through the IEL. The 3D reconstruction of z-stack confocal sections through the wall of pressurized arterioles revealed dense clusters of both K Ca 3.1 and K Ca 2.3 channels within holes in the IEL (Fig. 5 and Movie S3).
Blocking TRPV4 and IK Ca Channels Increases Myogenic Tone. Nitric oxide did not modulate myogenic tone at any pressure (Fig. S5A) . In the presence of N-nitro-L-arginine methyl ester (L-NAME) to block NO synthase, inhibition of TRPV4 channels with 30 μM RN1734 significantly increased myogenic tone at low pressure (20 and 40 mmHg, n = 4), although this effect was intermediate to the increase in myogenic tone that developed after selective block of IK Ca channels with 1 μM TRAM-34 (n = 3; Fig. 6 ). The ability of TRAM-34 to increase myogenic tone at pressures <40 mmHg was not mimicked by block of SK Ca channels with apamin (n = 3), although the combined presence of TRAM-34 and apamin did increase myogenic tone slightly more than TRAM-34 alone (n = 6). When the endothelium was physically disrupted, myogenic tone at low pressures was unaffected by TRAM-34, apamin, and L-NAME (Fig. S5B) . Signaling Pathways Underlying EC Ca 2+ Events. The phospholipase C (PLC) inhibitor U-73122 (3 μM) abolished spontaneous Ca 2+ events in ECs at both 5 and 80 mmHg after intraluminal incubation (Fig. 7A) and fully blocked increases stimulated with 1 μM ACh. Intraluminal perfusion of 10 μM xestospongin C significantly reduced the frequency of EC Ca 2+ events at 5 mmHg and almost abolished events at 80 mmHg (Fig. 7B) . In contrast, neither inhibition of phospholipase A 2 (PLA 2 ) with 3μM AACOCF 3 (Fig.  7C) , voltage-gated Ca 2+ channels (VGCC) with 1 μM nifedipine (Fig. 7D) , nor block of ryanodine receptors with 10 μM ryanodine (Fig. 7F) (Fig. 7E) , a similar profile seen with the TRPV4 channel antagonist RN1734 (Fig. 3 E and F) .
Discussion
Little is known about the functional importance of spontaneous Ca 2+ events generated by vascular ECs in situ. We now show an intrinsic mechanism involving EC Ca 2+ events in pressurized arteries and arterioles that activates hyperpolarization and dilation in response to low intraluminal pressure. The mechanism involves TRPV4 channels focused within MEJs that are activated by low pressure to increase local EC Ca 2+ event frequency. EC IK Ca channels, causing EC-dependent vasodilation at low pressures, reducing myogenic tone (Fig. S6) . The fact that similar changes in frequency in response to pressure occur in mesenteric resistance arteries in the absence of myogenic tone suggests that the relationship is a general property of arterial ECs, providing that TRPV4 and K Ca channels are present. As such, these direct and indirect contributions should now be considered when measuring the frequency and spatial location of spontaneous EC Ca 2+ events in arteries and arterioles.
ECs in intact arteries and arterioles can generate spontaneous, localized, and asynchronous Ca 2+ events that are universally ryanodine-insensitive, and, at least in part IP 3 R-based, i.e., Ca 2+ puffs/pulsars. The spontaneous events can propagate to generate Ca 2+ waves across ECs (7-10, 19, 20) . However, it is not clear whether there is any functional correlate for these spontaneous EC Ca 2+ events, particularly in the absence of agonist stimulation. By studying isolated, intact arteries and arterioles under physiological intraluminal pressures, we observed spontaneous EC Ca 2+ events predominantly in the vicinity of holes through the IEL and at a similar frequency to the recently defined Ca 2+ pulsars in mouse mesenteric resistance artery ECs (4-6 min −1 in unpressurized en face arteries and ∼2 min −1 in arteries pressurized to 80 mmHg) (7) . Our data now extend these seminal observations, showing a subpopulation of EC Ca 2+ events activated specifically by intraluminal pressures <50 mmHg. Before the recent identification of Ca 2+ sparklets by Sonkusare et al. (18), most of the events we observe would have been considered pulsars.
We also show that the EC Ca 2+ events induced by low intraluminal pressure involve TRPV4 channels. ECs contain a range of different TRP channels (21) , and in resistance arteries, TRPV4 channels are intimately involved in vasodilation to EC-dependent agonists (22, 23) and shear stress-induced dilation (24) . Sustained activation to low pressure is a unique addition to this list. The Ca 2+ events stimulated by low pressure can be identified by removing extracellular Ca 2+ or by pharmacologically blocking TRPV4 channels (schematically depicted in Fig. S6 ). Interestingly, both mesenteric resistance arteries and cremaster arterioles displayed an increase in frequency of EC Ca 2+ events at 5 mmHg. This increase required Ca 2+ influx through TRPV4 channels, because TRPV4 antagonists suppressed the frequency at 5 mmHg to a rate similar to 80 mmHg, i.e., ∼2 min . This activity profile correlated with dense immunohistochemical signal for TRPV4 channels in the regions generating the EC Ca 2+ events. TRPV4 expression was also apparent in some SMCs, but GSK evoked dilation, so any potential role is not clear.
Although the low-pressure-induced EC Ca 2+ events appear primarily due to activation of TRPV4 channels, it was not possible to separate the contribution due to influx through TRPV4 channels from indirect activation of other [Ca 2+ ] i -sensitive pathways resulting in Ca 2+ influx and/or release. Together, all these routes can potentially generate cell-wide waves in the endothelium of pressurized cremaster arterioles. Importantly, because TRPV4 channels are themselves [Ca 2+ ] i -sensitive (25) , sparklets may also propagate into waves via activation of adjacent TRPV4 channels.
How low intraluminal pressure might activate EC TRPV4 channels is not clear. Although TRPV4 channels can be activated by arachidonic acid derivatives (epoxyeicosatrienoic acids; ref. 26) , this possibility could be ruled out because a PLA 2 inhibitor had no effect on the EC Ca 2+ events. The most likely explanation is that activation somehow follows a reduction in the luminally generated radial compressive force experienced by the EC monolayer. TRPV4 channels are sensitive to changes in cell shape, as demonstrated by activation in response to increasing shear stress or as a result of hypotonic cell swelling (27, 28) . In our experiments, EC Ca 2+ events were decreased to a similar extent at 80 mmHg (as in vivo; ref. 16 ) in cremaster arterioles, whether or not the arterioles developed myogenic tone (with or without nifedipine present). These observations were consistent with our experiments using myogenically inactive mesenteric -free buffer for each dataset are also shown. *P < 0.05, significantly different from control (100 μM L-NAME) at the same pressure (paired observations). arteries and suggest that it is not tone per se that turns off EC Ca 2+ events. In each case, the ECs would experience different tension, but the compressive effect of 80-mmHg intraluminal pressure would be relatively constant. If the cell shape assumed when radial compression is low does activate TRPV4 channels, the subcellular mechanism remains to be defined.
A link between low intraluminal pressure, EC Ca 2+ events, and myogenic tone involving TRPV4 channels suggests that Ca 2+ sparklets are of fundamental importance for vascular function. These elementary events are revealed by block of IP 3 -mediated Ca 2+ -release and appear to operate cooperatively within a fourchannel metastructure (18) . As few as three TRPV4 channels per cell have been suggested as sufficient to activate EC IK Ca channels, leading to hyperpolarization and vasodilation (7, 18) . Our data now show that low pressure is sufficient to increase EC Ca 2+ event frequency by twofold to threefold and drive significant vasodilation. This mechanism is intrinsic to the arteriole, operating independently of the surrounding tissue. What is not clear is how Ca 2+ sparklets might enhance puff/pulsar frequency, but this may simply reflect the known ability of Ca 2+ to stimulate IP 3 Rs (29). Consistent with this suggestion, IP 3 Rs are densely clustered within MEJs (7), and vasodilation to the TRPV4 agonist, GSK1016790A, was greatly reduced after block of IP 3 R-signaling (18) .
The fact that ECs in arteries/arterioles are responsive to intraluminal pressure will have important physiological consequences. The inverse relationship between EC Ca 2+ events and intraluminal pressure, and the fact this change persists at steady-state, suggests that reducing intraluminal pressure will cause vasodilation in myogenically active arteries/arterioles and sustain tissue blood flow. For example, when systemic blood pressure decreases or if local ischemia or an upstream stenosis drops arteriolar pressure, EC Ca 2+ events will generate hyperpolarization and give rise to conducted dilation (1, 2) . This vascular coordination involves electrical coupling via homo-and heterocellular gap junctions to sustain the spread of hyperpolarization through the endothelium. Conducted dilation occurs in arteries, whether they are myogenically active or not, and serves to increase total tissue blood flow and coordinate vascular networks (1, 2) . The resulting increase in tissue blood flow will then raise intra-arteriolar pressure, remove the dilation signal, and as a result increase vascular tone.
The uniqueness of the present study lies in the discovery that changes in intraluminal pressure can influence myogenic tone by modulating spontaneous EC Ca 2+ events (TRPV4-associated sparklets/events) and thereby influence arteriolar diameter. Further, this control mechanism is part of a membrane-signaling microdomain located within MEJs. These EC projections are a focus for IP 3 R-mediated Ca 2+ events, and this Ca 2+ will generate SMC hyperpolarization predominantly by activation of the EC IK Ca channels densely expressed within this microdomain (1, 5, 7) .
Materials and Methods
Arterial Preparation. Rat cremaster arterioles were isolated and cannulated onto glass pipettes. After warming to 34°C, intraluminal pressure was raised to 80 mmHg, and arterioles developed myogenic tone and fully dilated to the EC-dependent dilator ACh. See SI Materials and Methods. Data Analysis. In all cases results are summarized as the mean ± SEM of n arterioles, one per animal.
